To determine the prevalence of refractive errors in a multiethnic Asian population aged over 40 years and to examine secular trends and racial differences.
M yopia affects 1.6 billion people worldwide and 2.5 billion people are expected to be myopic by the year 2020. 1 It is also estimated that globally, 153 million people aged over 5 years are visually impaired as a result of uncorrected refractive errors; of that number, 8 million are blind. 2 The rapid increase in the prevalence of myopia was first noted in the Inuit population in North America. [3] [4] [5] [6] This trend has also been observed in the United States 7 as well as in Asian countries, including Singapore, 8 Taiwan, [9] [10] [11] [12] and mainland of China, [13] [14] where the prevalence of myopia in different birth cohorts can be compared. However, myopia results anatomically and physiologically from changes in biometric components including axial length (AL), corneal power, and lens. Understanding the generational change in AL, a major determinant of refractive status, would provide further insights into the increasing rates of myopia observed throughout the world. However, few studies have documented the secular changes in AL. In addition, it is unclear whether the prevalence of other refractive errors such as hyperopia and astigmatism has been changed in addition to myopia during the past decades.
Singapore, a highly urbanized city-state located in South East Asia with an ''epidemic'' of myopia, 15 consists of Chinese, Malaysian, and Indian ancestries. Previous studies have reported the prevalence of myopia in preschool children, [16] [17] adolescents, 8 as well as middle-aged to elderly adults in selected racial groups [18] [19] [20] in Singapore. Despite established health differentials between ethnic groups, there has been a lack of study exploring differences in refractive errors across different Asian racial groups using the same study protocol. The Chinese population is thought to have a higher prevalence of myopia than the other racial groups, but previous studies in Beijing (22.9%) 21 and Taiwan (19.4%) 22 reported relatively lower prevalence estimates. The inconsistencies may be attributable to the lack of a standardized protocol in prevalence surveys. Thus, there is a need to assess the racial differences in refractive errors using the same study protocols.
In previous reports, we have described the prevalence of refractive errors and ocular biometric parameters individually for Singapore Chinese in the Tanjong Pagar Study (TPS) 20, 23 ; Singapore Malays in the Singapore Malay Eye Study (SiMES) 18, 24 ; and Singapore Indians in the Singapore Indian Eye Study Copyright 2013 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 (SINDI). 19, 25 In this study, we aimed to report the prevalence and risk factors for refractive errors and ocular biometric parameters in Singapore adults aged over 40 years in the Singapore Epidemiology of Eye Disease Study (SEED) of multiethnic cohorts. We also pooled the data of the Chinese cohort in SEED with the TPS, which was conducted 12 years ago, to elucidate the change in the prevalence of refractive errors and AL in Singapore Chinese aged over 40 years. In addition, we explored the racial differences in refractive errors as well as ocular biometric parameters amongst the three major Asian racial groups (Chinese, Malays, and Indians) living in Singapore using the same study protocols.
METHODS

Study Cohorts
The (SCES, 2009 (SCES, -2011 . The detailed methodologies of these studies have been published elsewhere. [26] [27] In brief, an agestratified random sampling was used to select ethnic Malays, Indians, and Chinese aged 40 to 80 years living in Singapore during each stipulated study period. The overall response rate for SEED was 75.6%. The response rate was 78.7% for SiMES, 18 75.6% for SINDI, 19 and 72.8% for the SCES, respectively. Study participants were older than nonparticipants (P < 0.001), but there was no sex difference (P ¼ 0.68).
This study was approved by the Singapore Eye Research Institute Institutional Review Board and the conduct of the studies adhered to the Declaration of Helsinki.
Assessment of Refractive Error and Ocular Biometry
Noncycloplegic autorefraction was performed using an autorefractor (Canon RK-5 Autorefractor Keratometer; Canon, Inc., Tokyo, Japan). Refraction was then subjectively refined by the study optometrists until the best visual acuity was obtained. These subjective refraction results were used in analysis. Spherical equivalent (SE) was defined as sphere plus half cylinder. Myopia and high myopia were defined as SE of less than À0.5 diopters (D) and À5.0 D, respectively. Hyperopia was defined as SE of more than 0.5 D. Astigmatism was defined as a cylinder of less than À0.5 D. 18, 19 Ocular biometric parameters of AL, anterior chamber depth (ACD), and corneal radius of curvature (CR) were measured using noncontact partial coherence interferometry (IOL Master V3.01; Carl Zeiss Meditec AG, Jena, Germany).
24,25
Risk Factor Assessment
Information on educational level (no formal education/primary education/high school/polytechnic/university), country of birth, and lifestyle-related factors was collected via a detailed questionnaire from all participants. Height was measured in centimeters using a wall-mounted measuring tape, after removing shoes. Slit-lamp examination (model BQ-900; HaagStreit, Köniz, Switzerland) was performed after pupil dilation and included a clinical grading of cataract using the Lens Opacities Classification System (LOCS) III. 28 
Statistical Analyses
Participants with prior cataract surgery were excluded from the analyses related to refractive error. As the Spearman correlation coefficients for SE (r ¼ 0.86) and ocular biometric parameters in the left and right eye were high (r ¼ 0.96 for AL; r ¼ 0.89 for ACD; and r ¼ 0.96 for CR), only right eye data were presented.
The prevalence of refractive errors and mean ocular biometric parameters was estimated for the overall sample, and then stratified by age group and sex. Since our study included a similar numbers of participants for each racial group and nonresponders were younger compared with responders, the study sample may not be representative of the general population in Singapore. To estimate the prevalence of refractive errors in Singapore, the age-race standardized prevalence rates of refractive errors were calculated by direct standardization of the study samples to the Singapore population, using the 2010 Singapore census (provided in the public domain by http://www.singstat.gov.sg). The specific rates in a study population are averaged, using as weights the distribution of a specified standard population. The directly standardized rate represents what the crude rate would have been in the study population if that population had the same distribution as the standard population with respect to the variable(s) for which the adjustment or standardization was carried out.
The differences in the prevalence of refractive error and mean AL between the SCES and the TPS were compared and stratified by age and sex. Since height has a significant impact on AL and we want to remove the effect of height, we adjusted for height when comparing AL between the SCES and the TPS by multivariate modeling. The racial differences in refractive errors as well as ocular biometric parameters were estimated initially adjusting for age and sex and further for other potential confounders such as educational level, height, and nuclear cataract, which are well-known risk factors for refractive errors.
For risk factors, variables of interest were first assessed in univariate models. If the P value was less than 0.10 in univariate models, these possible predictors were included in multiple logistic regression models and manual backward stepwise elimination procedures were performed.
All probabilities quoted were two-sided and were considered statistically significant when less than 0.05. Data analysis was conducted using statistical analysis software (PASW Statistics 18; SPSS, Inc., Chicago, IL).
RESULTS
After excluding participants with previous cataract surgery (n ¼ 985) and no refraction data (n ¼ 276), 8772 adults aged over 40 years contributed to the analysis related to refractive errors. Figure 1 demonstrates the distribution of refraction among myopic adults (SE < À0.5 D) by age groups in SEED. Table 1 shows the age-race standardized prevalence of refractive errors. The overall prevalence of myopia (SE < À0.5 D) and high myopia (SE < À5.0 D) was 38.9% (confidence interval [CI] 37.1, 40.6) and 8.4% (95% CI 8.0, 8.9), respectively. When myopia was defined as SE < À1.0 D, overall prevalence of myopia was 31.4%. The prevalence of myopia (SE < À0.5 D) was 37.9% in men and 39.8% in women while the prevalence of high myopia was 8.0% in men and 8.7% in women with no sex differences (P ¼ 0.44 for myopia and P ¼ 0.67 for high myopia). The age-specific prevalence of myopia (SE < À0.5 D) was 47.4%, 35.9%, 30.1%, and 32.7% in adults aged 40 to 49, 50 to 59, 60 to 69, and over 70 years, respectively. The overall agerace prevalence of hyperopia and astigmatism was 31.5% and 58.8%, respectively. The prevalence of hyperopia was 30.9% in men and 32.1% in women while the prevalence of astigmatism was 60.1% in men and 57.9% in women. There was no sex difference in the prevalence of hyperopia (P ¼ 0.45) or astigmatism (P ¼ 0.11). The prevalence of hyperopia was highest in adults aged 60 to 69 years (47.2%, 95% CI 45.1, 49.3) while the prevalence of astigmatism increased with increasing age (P < 0.001). Table 2 shows the mean ocular biometric parameters by age and sex. The age-race standardized mean AL, ACD, and CR were 23.88 mm (95% CI, 23.85, 23.90), 3.27 mm (95% CI 3.26, 3.28) and 7.65 mm (95% CI 7.64, 7.66). Men had significantly longer AL (24.17 mm vs. 23.60 mm; P < 0.001); deeper ACD (3.33 mm vs. 3.21 mm; P < 0.001); and flatter CR (7.71 mm vs. 7.59 mm; P < 0.001) than women. There was a significant trend of decreasing AL with increasing age in both men and women (P < 0.001). ACD was deepest in adults aged 40 to 49 years. CR did not vary significantly across different age groups.
Compared with the Chinese subjects in the TPS, Chinese adults in the SCES were less likely to be female (50.4% vs. 55.1%, P < 0.001); more educated (P < 0.001); had higher income (P < 0.001) and better housing (P < 0.001); less likely to be affected by nuclear cataract (9.2% vs. 34.2%, P < 0.001); and more likely to undergo cataract surgery (10.5% vs. 8.4%, P < 0.001). Table 3 compares the age and sex-specific prevalence of refractive errors in the TPS (1996-1997) and the SCES (2009-2011). The prevalence of myopia was higher in Chinese adults aged 40 to 49 years (P ¼ 0.03 for men and 0.01 for women) and 50 to 59 years (P < 0.001 for both men and women) in the SCES compared with the TPS. The prevalence of astigmatism in the SCES was significantly higher in all age groups compared with the TPS (all P < 0.001). The major increase in astigmatism rate is due to the increase in myopic astigmatism rate, which accounted for 72% of the observed increasing rate in astigmatism, while hyperopic astigmatism only accounted for 16%. Figure 2 shows the height-adjusted mean AL by age and sex in the SCES and the TPS. After adjusting for the effect of height, Chinese in the SCES had significant longer AL in all age groups compared with their counterparts in the TPS (all P < 0.001). Table 4 shows racial differences in the prevalence of refractive errors and ocular biometry among the three major racial groups in SEED. After adjusting for age and sex, Chinese had higher odds ratios of myopia, high myopia, and astigmatism as compared with Malays or Indians. There were no significant differences in the prevalence of myopia or high myopia between Malays and Indians, whereas Indians were more astigmatic than Malays. Hyperopia was most common in Indians among the three racial groups. After further adjusting for educational level, height and the presence of nuclear cataract did not alter the racial variations in all refractive errors. In addition, after adjusting for age, sex, height, educational level, and the presence of nuclear cataract, Chinese had 0.20 mm longer in AL and 0.09 mm deeper in ACD on average compared with Malays while Malays had 0.33 mm longer in AL compared with Indians on average. Table 5 shows the associates of myopia, high myopia, and AL in SEED. After adjusting for age, sex and race, the odds ratio of any myopia was 4.86 (95% CI 3.88, 6.10) for those with a university education compared with no formal education; 3.11 (95% CI 2.64, 3.66) for those with nuclear cataract compared with non-nuclear cataract and 1.26 (95% CI 1.12, 1.41) for those born in Singapore compared with those born outside of Singapore. The associates for high myopia were similar with 
DISCUSSION
The prevalence of myopia in our middle-aged to elderly cohort was much lower compared with the younger ''myopia'' generation in Singapore with a myopia prevalence of 81% (Saw et al. IOVS 2011;52:ARVO E-Abstract 2490). As expected, Chinese had the longest AL and were most likely to be affected by myopia, high myopia, and astigmatism while Indians were most likely to be hyperopic. Furthermore, we observed a significant increase in the prevalence of astigmatism and mean AL in Singapore Chinese adults aged over 40 years within the past 12 years. Our study showed the prevalence of myopia in middle-aged to elderly adults aged over 40 may be partially explained by an intrinsic age-related decline in myopia prevalence such as an increase in refractive power of lens, 29 changes in lens position, 30 or increased AL. 31 Meanwhile, this trend may also be explained by the cohort effect in Singapore (Fig. 3) . The higher prevalence of myopia in younger generations as compared with older ones may be driven by higher levels of reading exposure with a large amount of nearwork activity-correspondingly lower levels of outdoor physical activity, and other unmeasured factors among different birth cohorts. Since our study is cross-sectional, we cannot determine whether the cohort effect or the age-related effect plays a more important role. There has been long concern that visual impairment and blindness resulting from myopia would lead to major health concern for Asians. These data may have implications for many Asian countries where dramatic changes in social environmental variables have been taking place during urbanization.
The prevalence of myopia in Singapore is comparable with other urbanized Asian communities such as Hong Kong 32 and Tajimi city in Japan, 33 with approximately 40% of the general population aged over 40 years being affected by myopia (Fig.  4) . However, lower prevalence of myopia was also reported in some Asian countries such as India 34 and mainland China, 21 When comparing the data of the Chinese cohort (SCES) in our study with an earlier Chinese cohort of the same age range (Tanjong Pagar Survey, 20, 23 1996-1997), we observed an increase in the prevalence of myopia in younger age groups within the past 12 years (Table 3) . It has been reported that the rapid increase in the prevalence of myopia has been well documented throughout the world. 7, [36] [37] [38] However, nuclear cataract has been found to result in a myopic shift, reflecting the increased power of the more sclerotic lens rather than increased AL. We found that the prevalence of nuclear cataract was much higher in the Tanjong Pagar Survey than in SCES (34.2% vs. 9.2%, P < 0.001), indicating that most myopic adults have lens-induced myopia rather than axial myopia in the Tanjong Pagar Survey. Therefore, the change in AL would be more informative than refraction to the understanding of the increasing myopia rates in the past decades. Our study documented a significant increase in AL in all age groups even after adjusting for the effect of height (Fig. 2) , supporting an increasing trend in the prevalence of axial myopia in Singapore Chinese aged over 40 years within the past 12 years. In addition, the change in AL might have been related to the prevalence of other ocular complications including primary open glaucoma, 39 retinal detachment, 40 and myopic retinopathy. 41 It is also interesting to find that the prevalence of astigmatism has increased significantly during the past 12 years (Table 3 ). The explanation for the increase trends is unclear. Compared with the TPS, our study showed that the major increase in astigmatism rate is due to the increase in myopic astigmatism rate, which accounted for 72% of the observed increasing rate in astigmatism in Singapore Chinese. Therefore, our postulation is that there is an increase in myopic astigmatism due to the rise in environmental factors such as a more competitive education environment.
It was not unexpected to find that Chinese had the highest prevalence of myopia among the three major racial groups living in Singapore. The result of this study is consistent with previous studies in children or teenagers. In the latest survey in 2009 on Singapore male conscripts, the prevalence of myopia in Chinese, Indian, and Malay was 85.9%, 74.5%, and 70.7%, respectively (P ¼ 0.03, aged 16-26 years; Saw et al. IOVS 2011;52:ARVO E-Abstract 2490). In the Gombak district of Malaysia, Chinese children had the highest prevalence of myopia (46.4%) among the ethnic groups, followed by Indians (16.2%) and Malays (15.4%) across all ages (n ¼ 4634, aged 7-15 years). 42 However, our study provided more accurate comparisons by using the same study protocols to collect data and filled the gap of knowledge in the middle-aged to elderly population. In addition, our study provided further insights into the racial differences in refractive errors by assessing the racial variations in ocular biometric parameters.
Some implications from our study should be noted. First, it is of great public health significance to quantify and compare the burden of myopia and other refractive errors across the three major ethnic groups in Asia in a single setting using the same methodology. The results of our study may be related to many countries where a key objective of public health system reform is to redress racial inequality. Second, our studies now demonstrate that astigmatism is extremely prevalent in Singapore and has increased rapidly within the past decade. Since vision clarity is so critical for many aspects of daily living related to public safety, including vehicular driving and electronic device usage, health policymakers should be made aware of this trend and take actions to prevent not only myopia but also astigmatism. Last but not least, the study samples were drawn from population-based surveys of Singapore Chinese, Malays, and Indians. The findings from Chinese, India, and Malays in Singapore may be extrapolated to Chinese in China, Indians in India, and Malays in Indonesia, which have the greatest population of each cohort throughout the world.
The study's strengths included a large sample size, a reasonable response rate, and a standardized refraction and ocular biometry assessment. There were also some limitations for this study. First, we were unable to identify the exact explanatory factors for the observed racial differences since some important myopia-related exposures such as time spent outdoors in childhood, parental myopia, and parental educational level were not captured by our study. In addition, the cross-section design is limited to establish a temporal relationship and thus cannot infer any casual relationships between these risk factors and any of the refractive errors. Finally, nonresponders were older than responders, leading to an overestimation in myopia prevalence and an underestimation in hyperopia or astigmatism prevalence due to the age distributions of refractive errors.
In conclusion, this population-based study of adults aged over 40 years in Singapore showed a significant lower prevalence of myopia compared with younger generations reported previously. The prevalence of astigmatism and mean AL in Singapore Chinese adults aged over 40 years have been increasing within the past 12 years. Chinese adults had a higher prevalence of myopia, high myopia, astigmatism as well as longer AL as compared with Indians or Malays living in the same environment. Further studies are warranted to identify the exact factors explaining the observed racial differences in refractive errors.
